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Summary 
The ColE1 plasmid of E. coli encodes a small RNA- 
binding protein, Rop, which is involved in the regula- 
tion of plasmid copy number. Rop, a 4-helix bundle 
protein, facilitates sense-antisense RNA pairing by 
binding to the transiently formed hairpin pairs of RNA 
I and the complementary RNA II. We have identified 
the residues of Rop that are involved in RNA recogni- 
tion. The residues form a narrow stripe down one face 
of the bundle and are symmetrically arranged, with 
recognition centered about two phenylalanine resi- 
dues. Our results suggest that these phenylalanine 
residues interact with the loop region of the hairpin 
pair, with additional interactions between eight polar 
residues and the phosphate backbone. By modifying 
the identity of residue 14, we have created a variant 
of Rop that displays altered RNA binding specificity. 
The results of our studies allow us to present a detailed 
picture of RNA-protein recognition in a novel model 
system. 
Introduction 
RNA transmits the genetic information encoded in DNA 
and also plays a variety of indispensable structural, cata- 
lytic, and regulatory roles within the cell, often in associa- 
tion with specific proteins. The essential role of RNA-pro- 
tein interactions is underlined by the severity of the defects 
that result when these systems are perturbed. A particu- 
larly devastating example is the mental retardation in hu- 
man fragile X syndrome, which results from depressed 
expression of the RNA-binding protein FMR1 (Siomi et al., 
1993a; Ashley et al., 1993). Clearly, an understanding of 
the molecular basis of interactions between RNA and pro- 
teins is a prerequisite for a fundamental understanding of 
a host of physiologically relevant processes. 
In marked contrast with DNA-protein interactions, struc- 
tural and thermodynamic studies of RNA-protein interac- 
tions are at an early stage. This is, in part, because the 
structures of only a handful of RNA-binding proteins have 
been determined at high resolution. These include com- 
plexes of tRNA synthetases with their cognate tRNA 
(Rould et al., 1989, 1991; Ruff et al., 1991; Biou et al., 
1994), synthetases in the absence of tRNA (Zelwer et 
al., 1982; Bhat et al., 1982; Brick et al., 1988; Cusack et 
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al., 1990), the RNA-binding domain of the U1A small nu- 
clear ribonucleoprotein A (Nagai et al., 1990), and ricin, 
the potent toxin that interacts with 5S ribosomal RNA (Ru- 
tenber et al. 1993). An additional restriction to the study 
of RNA-protein interactions is that the RNA substrates 
are often large, structurally diverse, and not easily obtain- 
able in large quantities. These properties can preclude 
even the most basic characterizations of RNA-protein in- 
teractions. 
The structure of the Escherichia coli ColE1 plasmid- 
encoded protein Rop (also referred to as Rom) is known 
at 1.7,~ resolution (Banner et al., 1987; Eberle et al., 1990; 
Eberle et al., 1991). It is a 4-helix bundle protein that shows 
no structural or sequence homology to previously charac- 
terized RNA-binding motifs (Burd and Dreyfuss, 1994). 
The small size of Rop makes it amenable to genetic manip- 
ulation, and it is a straightforward process to express and 
purify the protein in large quantities. 
The role of Rop in vivo is to regulate plasmid copy num- 
ber (Itoh and To mizawa, 1980; Polisky 1988). It functions 
by binding to and stabilizing three hairpin pairs that are 
formed between the large RNA II and the somewhat 
smaller, complementary RNA 1 (Tomizawa and Som, 
1984). The transient complex between the two RNAs sub- 
sequently "zips up" to form an RNA I-RNA II duplex. In 
the duplex form, RNA II is unable to fulfill its role as primer 
of DNA replication, plasmid replication is inhibited, and 
copy number decreases (Tomizawa and Itoh, 1981 ; Tomi- 
zawa, 1984). It has been demonstrated that the hairpins 
alone can form stable pairs in isolation from the rest of 
RNA I and RNA II and that Rop is able to recognize and 
bind to these small complexes (Eguchi and Tomizawa, 
1991). Consequently, it is possible to use these small RNA 
substrates in a simple assay of RNA binding and to quanti- 
tatively compare the relative affinities of different Rop or 
RNA mutants (Gregorian and Crothers, submitted). This 
system thus provides a unique opportunity to study in de- 
tail the molecular, structural, and energetic aspects of 
RNA-protein recognition. 
Here, we present the results of studies in which we have 
identified the residues of Rop, the mutation of which 
causes defects in RNA binding. We show that the RNA 
binding defects are not the result of structural perturbation, 
but rather reflect the loss of residues that are in direct or 
indirect contact with the RNA. We also present data that 
demonstrate that Rop recognizes RNA in a structure- 
rather than sequence-dependent fashion. Finally, by modi- 
fication of one of the key RNA-binding residues, we have 
created a variant of Rop that displays altered RNA binding 
specificity. Together, these results allow us to present one 
of the most detailed pictures of RNA-protein recognition 
in a simple model system. 
Results 
Identification of the RNA-Binding Determinants 
on Helix 1/1' 
The 4-helix bundle protein Rop is formed by the associa- 
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Figure 1. Structure of the Rop Protein 
(a) Ribbon representation f the 4-helix~bundle structure of Rop from 
the crystal structure coordinates (Banner et al., 1987). Helices 1 and 
2 of the first monomer and helices 1 'and 2'of the second are indicated, 
as are the N- and C-termini of each. The short unstructured region of 
the C-terminal tail is not depicted, This representation was created 
using the program MOLSCRIPT (Kraulis, 1991). 
(b) Molecular surface representation f Rop, colored by electrostatic 
potential, calculated using the program GRASP (Nicholls et al., 1991). 
An increasing saturation of red or blue indicates increasing negative 
or positive lectrostatic potential, respectively. Two views are shown, 
one from the face of the protein formed by the 2 and 2' helices and 
one from the face formed by the 1 and 1' helices. 
tion of two identical helix-turn-helix monomers, each 63 
amino acids long (Banner et al., 1987; Eberle et al., 1990, 
1991). We refer tothe helices of the first monomer as helix 
1 and helix 2 and those of the second monomer as helix 
1' and helix 2' (Figure ta). The residues of each monomer 
are named in a similar fashion: residues 1-63 for the first 
monomer and residues 1'-63' for the second monomer. 
Association of the amphiphilic (~ helices appears to be 
stabilized primarily through hydrophobic interactions, with 
little contribution from electrostatic interactions. The exte- 
rior surface of Rop appears relatively featureless, forming 
an almost cylindrical domain. At first inspection, the entire 
surface presents no obvious feature that might serve as 
an RNA-binding site. By contrast, the distribution of charge 
on the surface of the protein is strikingly nonhomoge- 
neous. Specifically, the face of the protein that is formed 
by helices 2 and 2' is rich in negatively charged amino 
acids, while the face formed by helices 1 and 1' is some- 
what positively charged at the ends and neutral in the 
center (Figure lb). The dramatic charge asymmetry sug- 
gests that the 2•2' face is not involved in direct contacts 
with RNA since the juxtaposition of this negatively charged 
face of the protein with the negatively charged RNA would 
be energetically unfavorable. We expected, therefore, that 
the determinants for RNA recognition would reside on the 
1/1' face (which has a mixture of both neutral and positive 
charges), with the negatively charged 2•2' face acting as 
an "electrostatic rudder" to aid in orienting the 1/1' face 
against the RNA. Consistent with this proposal was our 
observation that a surface-exposed hydrophobic residue 
(Phe-14/14') is located at the center of the 1/1' face. In this 
regard, there are several precedents in which phenylala- 
nine residues have been implicated in both RNA and DNA 
binding (Raumann et al., 1994; Kim et al., 1993a, 1993b; 
Merril et al., 1988; Prigodich et al., 1986; Folkers et al., 
1991; Nagai et al., 1990). Additional support for the poten- 
tial significance of the surface-exposed phenylalanine res- 
idue comes from the results of a limited mutagenesis tudy 
in which the mutation F14C is reported to result in dimin- 
ished Rop activity in vivo (Castagnoli et al., 1989). 
On the basis of these considerations, our first efforts 
focused upon identifying the residues on the 1/1' surface 
that are involved in RNA recognition and quantitating their 
energetic ontribution to the stability of the Rop-RNA com- 
plex. To this end, we used an alanine-scanning mutagene- 
sis strategy (Cunningham and Wells, 1989), the details of 
which are as follows. The surface-exposed residues on 
helix 1 (and necessarily also their symmetry-related part- 
ners on helix 1') were identified using computer models 
of the X-ray crystal structure of the protein. These residues 
were individually mutated to alanine (Figure 2a), and the 
mutant proteins were expressed and purified. Because 
alanine has a high intrinsic (~-helical propensity (O'Neil 
and DeGrado, 1990; Lyu et al., 1990) and because Rop 
is almost entirely (~ helical, it seemed unlikely that the 
alanine mutations would cause gross structural perturba- 
tions and, indeed, we were able to show that all the alanine- 
scanning mutants are stable, folded proteins (see below). 
Consequently, mutations that result in decreased RNA 
binding affinity are assumed to represent positions that 
are directly (or indirectly) involved in contacts with RNA. 
The ability of each helix 1/1' alanine-scanning mutant 
to bind RNA was tested using a polyacrylamide gel electro- 
mobility shift assay. In the first set of experiments, a hairpin 
pair derived from native RNA I and RNA II sequences was 
used as the RNA substrate (wild-type RNA, Figure 2b). 
We found that substituting alanine at most positions on 
the exposed face of the helix had little or no effect on the 
affinity of Rop for RNA (Figure 2c; Table 1). However, 
dramatic effects were observed upon mutation of Asn-10, 
Phe-14, Gin-18, and Lys-25. At each of these positions, 
mutation to alanine abolishes detectable RNA binding. 
Even at protein concentrations 50-fold greater than those 
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wt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K3A - -A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Q4A - - -A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K6A . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T7A . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NleA . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
RI3A . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F14A . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R I6A  . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
517A . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Q ISA  . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TZ IA  . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
EZ4A . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
KZSA . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NZ7A . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E28A . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
~Gh3'C-5' 3' 5' 3'0.G5' 
G-C  G-C  C-G 
U-A  U-A  A -U  
G-C  G-C  C-G 
G-C  G-C  C-G 
C-G C-G G-C  
GU UG GU 
A U U A A U 
UGG GGU UGG 
ACC CCA ACC 
U A A U U A 
C A A C C A 
G-C  G-C  C-G 
C-G C-G G-C  
C-G C-G G-C  
A -U  A -U  U-A  
C -G C-G G-C  
G-C  G-C  
5' 3' 5' 3' 5' 3' 
wt  Linv Sinv 
Wt 
Sinv 
] 
:.7 
Linv 
bounct 
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Figure 2. Interaction ofAlanine-Scanning Mutants with RNAVariants 
(a) Summary of alanine-scanning mutants of helix 1. A schematic dia- 
gram of protein secondary structure is presented above the sequence 
of the wild-type Rop protein. The first residue, methionine, is italicized 
because this amino acid is cleaved from the protein within the cell. 
As a result of the Ncol restriction site at the start of the gene, a glycine 
residue is inserted before Thr-2, and because methionine is cleaved 
off, glycine effectively replaces the methionine found in the native 
protein. This alteration has no detectable effect on RNA binding (data 
not shown). The name of each mutant is shown in the left column. 
Dashes in sequences indicate that the amino acid in this position is 
identical to that of the wild-type protein. The letter A indicates the 
position of the alanine substitution in each mutant. 
(b) Sequences of RNA pairs that were tested. The wild-type (wt) RNA 
is derived from one of the hairpin pairs of the full-length RNA I, while 
Table 1. RNA Binding Affinity of Rop Mutants 
Wild-type 
Protein RNA Sinv RNA Linv RNA 
Wild-type +++ +++ +++ 
K3A -H- ++ +++ 
Q4A +++ +++ +++ 
K6A +++ +++ +++ 
T7A +++ +++ +++ 
N10A - - - 
R13A +++ +++ +++ 
F14A - - - 
R16A +++ +++ +++ 
$17A +-H- +++ +++ 
Q18A - - - 
T21A +++ +++ +++ 
E24A +++ +++ +++ 
K25A - - - 
N27A +++ +++ +++ 
E28A +++ +++ +++ 
Under conditions of the electromobility shift assay, the dissociation 
constants for wild-type Rop with wild-type RNA is 2 x 10 -6 M, with Sinv 
RNAi t i s3  x 10 -6 M, and with L invRNAi t i s7  x 104 M(these 
values represent he averages of three determinations; the maximum 
variability observed was _ 20o/0). The affinity of Rop for RNA is low 
in comparison with certain other RNA-binding proteins (Nagai et al., 
1990; Heaphy et al., 1991). However, it is important o note the specific- 
ity of the Rop-RNA interaction: Rop does not interact detectably with 
single RNA hairpins, duplex RNA (Gregorian and Crothers, submitted; 
Eguchi and Tomizawa, 1991; P. R. P. and L. R., unpublished data), 
or tRNA at 1000-fold excess (P. R. P. and L. R., unpublished data). 
Abbreviations are as follows: three plus signs, wild-type affinity; two 
plus signs, KD 2-3 fold lower than wild-type Rop; minus sign no detect- 
able RNA binding activity. 
used in our  typical  b inding assay,  no b inding is detectab le  
(data not shown).  These  results prov ided the first c lear  
indicat ion that res idues  10, 14, 18, and 25 of  hel ix 111' 
play an essent ia l  role in RNA recognit ion.  One  final posi- 
t ion, Lys-3, was identi f ied as a res idue that seems to play 
a minor  role in RNA binding. The  K3A mutat ion causes  a 
small ,  approx imate ly  3-fold decrease  in the aff inity of  the 
protein for RNA, but does  not abol ish binding completely.  
Wi ld-type Rop b inds to the RNA hairpin pair with an appar-  
ent d issoc iat ion constant  o f  approx imate ly  1 x 10 -6 M 
under  condi t ions  of  the gel shift  assay,  which cor responds  
to an interact ion energy  of  approx imate ly  8 kcat/mol. The 
K3A defect  represents  a decrease  in the interact ion energy  
of  approx imate ly  0.5 kcal /mol,  which is on the order  of 
st rength of a weak  hydrogen bond. 
RNA Binding Is Structure Rather than 
Sequence Specific 
The long RNAs  that Rop binds to in v ivo contain three 
Sinv and Linv RNAs are sequence variants of the wild-type RNA. 
(c) Electromobility shift assay of alanine-scanned Rop mutants with 
the three RNA pairs (0.5 ~g of protein per lane). The RNA tested is 
identified in the left column, while the free and bound forms of the 
RNA are indicated on the right-hand side. The Rop mutant tested is 
identified at the top of each lane. The very faint additional band that 
is seen in some lanes represents an unidentified form of free RNA, 
which is in slow equilibrium with the free RNA hairpin pair and to which 
Rop does not bind. 
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RNA stem-loop pairs of different sequence, two of which 
have 7 nucleotide loops and one of which has a 6-nucleotide 
loop. In an in vitro assay, it has been demonstrated that 
Rop can recognize RNA hairpin pairs with loop sequences 
ranging from 6-8 nt, regardless of the exact base se- 
quence of loop or stem regions (Eguchi and Tomizawa, 
1991). These observations uggest that Rop recognizes 
the RNA hairpin pair structure itself, regardless of the spe- 
cific sequence of either the stem or loop component. 
If Rop does indeed bind different RNA hairpin pairs by 
recognizing eneral aspects of the hairpin structure, then 
the effectsof the alanine-scan ing point mutations on RNA 
binding should be very similar when other hairpin pairs 
are presented as substrates. To test this hypothesis, two 
additional RNA hairpin pairs, with altered sequences in 
both the stem and loop regions, were tested. The design 
of these RNAs is based upon the earlier study of Rop 
binding to RNA variants by Eguchi and Tomizawa (1991). 
The RNAs tested in our study are the stem sequence- 
inverted (Sinv) RNA pair, in which the stem sequence is 
inverted relative to the wild-type sequences but the loop 
sequence is maintained, and the loop sequence-inverted 
(Linv) RNA pair, in which the loop sequence is inverted 
but the stem sequence is maintained (Figure 2b). All 15 
individual point mutants that resulted from the alanine- 
scanning mutagenesis of helix 1/1'were tested using the 
gel mobility shift assay, with either Sinv or Linv as the RNA 
hairpin pair. The behavior of the alanine point mutants 
with these RNA variants closely parallels their behavior 
with the wild-type RNA pair: the mutations N10A, F14A, 
Q18A, and K25A totally abolish binding to the Sinv and 
Linv RNA substrates (Figure 2c; Table 1). The effect at 
position 3 is more subtle. Binding to the Linv RNA pair 
appears insensitive to the K3A mutation, although binding 
of K3A to Sinv is clearly diminished. Thus, the binding of 
the mutant Rop proteins to wild-type, Sinv, and Linv RNAs 
appears to be essentially the same, with minor differences 
in the effect of the K3A mutation. 
The RNA-Binding Site Is Symmetric 
Rop is a homodimer with a 2-fold axis of symmetry. In 
addition, since its RNA ligand consists of a pair of RNA 
hairpins, the structure it recognizes likely has a pseudo-2- 
fold axis of symmetry. These observations uggest that 
the RNA-binding site of Rop may be symmetric, with es- 
sentially symmetric contacts to the pseudosymmetry- 
related elements of the RNA pair. However, the possibility 
of an asymmetric binding site recognizing asymmetric ele- 
ments of the RNA pairs cannot be ruled out a priori. 
The Rop mutants that are defective in RNA binding pro- 
vide a unique opportunity to assess the symmetry of the 
RNA-binding site. As mentioned previously, since Rop is 
a dimer, each mutant studied actually carries two muta- 
tions in the protein, one at each equivalent position in the 
two monomers. If the binding site is asymmetric, only one 
of the two positions may actually be required for binding 
RNA. If this were the case, a wild type-mutant heterodimer 
should be capable of interacting with RNA. By contrast, 
if b()th the symmetrical positions of the binding residues 
are required for binding, the heterodimer should be par- 
a controls I heterodimerization time 
bound 
free 
Figure 3. Effect of Wt*-Mutant Heterodimerization on RNA Binding 
(a) Coomassie blue-stained native polyacrylamide g l illustrating het- 
erodimer formation between wt*Rop and the K25A mutant. As con- 
trols, the first two lanes contain only wt* Rop or K25A proteins. Charge 
differences cause these proteins to migrate at different rates. The 
formation of heterodimer is indicated by the appearance ofa new band 
that migrates at a position between the two homodimer bands. The 
time of incubation at 37°C is as indicated in hours. 
(b) Electromobility shift assay of protein heterodimers with wild-type 
RNA. Bound and free forms of the wild-type RNA probe are indicated 
on the right-hand side. Wt*Rop was mixed with RNA either without 
(untreated lane) or with (control lane) prior incubation of the protein 
alone at 37°C for 48 hr. Wt* Rop was heterodimerized with an excess 
of N10A, F14A, Q18A, or K25A, as described in the text, and was 
tested for RNA binding as indicated at the top of the lanes. 
tially or completely defective in RNA binding. To investi- 
gate further the contribution of each residue, we generated 
heterodimers of each RNA binding-defective mutant with 
wt*Rop, a variant of wild-type Rop that carries an innocu- 
ous E58Q mutation in the unstructured C-terminal tail that 
is not required for RNA binding (see below). The charge 
difference due to the E58Q mutation in wt*Rop can be 
used to distinguish between the mutant-mutant homodi- 
met, wt*-mutant heterodimer, and wt*-wt* homodimer 
since the three species migrate differently on native poly- 
acrylamide gels. Figure 3a illustrates the equilibrium dis- 
tribution for the K25A mutant, and essentially identical 
results were obtained for the formation of heterodimers be- 
tween all four RNA binding-defective mutants and wt*Rop. 
For RNA binding studies using heterodimers, we gener- 
ated wt*-mutant heterodimers using high ratios of wt*: 
mutant protein. This ensures that essentially all the wt* 
is present as wt*-mutant heterodimer. It is then possible 
to use this mixture in the RNA binding assay directly, as 
we know that the mutant-mutant homodimer, which is 
present in excess, is unable to bind to RNA. 
Heterodimers of wt*Rop with all four RNA binding- 
defective mutants were generated inthis fashion and were 
tested for their ability to bind RNA in the electromobility 
shift assay. None of the wt*-mutant heterodimers is able 
to bind to RNA, even when a large excess of wt*-mutant 
heterodimer is used. As a control, we verified that the 
presence of a large excess of RNA binding-defective mu- 
tant proteins did not affect the RNA binding properties 
of wt*Rop (data not shown). We also demonstrated that 
incubation of wt* Rop alone at 37°C for 48 hr has no effect 
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on its ability to bind RNA (Figure 3b, compare the control 
versus untreated lanes). 
We conclude from these studies that at each of the four 
essential RNA binding positions, the residue is required 
in both helix 1 and helix 1'. Establishing the symmetry of 
the RNA-binding site is important as it greatly restrains the 
number of feasible models for the RNA-protein complex. 
This is elaborated further in the Discussion. 
The RNA Binding-Defective Alanine Point Mutants 
Are Folded, Stable Proteins 
Alanine-scanning mutagenesis presumes that, while the 
functional group of the natural amino acid is removed, 
the alanine substitutions do not perturb the structure or 
stability of the protein (Cunningham and Wells, 1989). As 
discussed earlier, the helices of Rop are good candidates 
for alanine-scanning mutagenesis ince alanine has a high 
thermodynamic preference for the ~-helical environment 
(O'Neil and DeGrado, 1990; Lyu et al., 1990). In addition, 
an inspection of the X-ray crystal structure reveals that 
most of the residues selected for mutation are not involved 
in interactions, such as H bonds and salt bridges, in free 
Rop dimers. Nevertheless, for a meaningful interpretation 
of the results, it is essential to demonstrate that the defects 
in RNA binding we observe are not a consequence of 
global perturbations of protein structure. 
The observation that all the mutants are able to form 
heterodimers with the wt* Rop provided the first indication 
that the mutants are correctly folded. Had any of the mu- 
tants folded into aberrant structures, we would not expect 
to generate the equilibrium ratio distribution of (wt*-wt* 
homodimer):(wt*-mutant heterodimer):(mutant-m utant 
homodimer) that we observed. We went on to test the 
structural integrity and stability of the mutant proteins in a 
more detailed fashion as follows. First, since Rop is almost 
entirely helical, circular dichroism (CD) provides a sensi- 
tive probe of the integrity of the secondary structure of the 
protein. We compared the CD spectra of the wild-type and 
RNA binding-defective mutant Rop proteins. All the mu- 
tant proteins display the characteristic CD spectrum of a 
highly helical protein, with minima at 208 nm and 222 nm 
and a value of the mean residue ellipticity at 222 nm near 
-30,000 deg × cm2/dmol (inset, Figure 4). Second, as a 
more sensitive probe of structural integrity, we compared 
the stabilities of the proteins using CD to monitor their 
thermal denaturation transitions. If a mutation causes a 
structural perturbation in the protein, it is likely that this 
will be associated with a decrease in protein stability. The 
results of the thermal denaturation studies are shown in 
Figure 4. In each case, the protein containing a point muta- 
tion to alanine actually has a higher melting temperature 
than does wild-type Rop. This enhanced stability is also 
reflected in a slight increase in the free energy of folding 
of the mutant proteins relative to wild type (Table 2). Pre- 
sumably, the slight enhancement in stability reflects the 
fact that in all the positions we mutated, alanine is an even 
better helix former than the residue it replaces (O'Neil and 
DeGrado, 1990; Lyu et al., 1990). We do not believe that 
the enhanced stability is in itself the cause of the defect 
in RNA binding. In this regard, we note that T21A has 
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Figure 4. Effect of Alanine-Scanning Mutations on Protein Stability 
Thermal denaturation fwild type (closed diamonds), K3A (open cir- 
cles), N10A (open diamonds), F14A (plus signs), Q18A (open trian- 
gles), T21A (closed triangles), and K25A (closed circles) mutant Rop 
proteins. The fraction unfolded is plotted against emperature. The 
thermal denaturation profiles have been corrected by subtraction of 
both lower and upper baselines. The inset shows the complete CD 
spectrum of wild-type Rop, with the mean residue llipticity plotted as 
a function of wavelength. 
similarly enhanced stability (Figure 4; Table 2) and yet fully 
retains its ability to bind RNA (see Figure 2c; see Table 1). 
From these studies, we conclude that the RNA binding 
defects that result from the point mutations K3A, N10A, 
F14A, Q18A, and K25A are not a consequence of gross 
changes in the structure or stability of the proteins. Rather, 
the abrogated RNA binding indicates that these residues 
directly, or indirectly, make contacts with RNA. 
A Rop Variant with Altered RNA 
Binding Specificity 
The results presented thus far, along with earlier foot- 
printing studies of the wild-type Rop-RNA complex (Eguchi 
and Tomizawa, 1990), suggest that RNA binding is likely 
centered on the Phe-14/14' pair of aromatics, intercalating 
or interacting in some fashion with the loop region of the 
hairpin, with additional charge contacts to phosphates by 
residues 3, 10, 18, and 25. Together, these residues form 
a narrow stripe down the helix 1/1' face of the protein. 
To explore the nature of the RNA-Phe-14 interaction in 
more detail, residue 14 was mutated from phenylalanine 
to three structurally related hydrophobic amino acids, leu- 
cine, tyrosine, and tryptophan. We first assessed the abil- 
ity of the F14L, F14Y, and F14W mutants to bind to the 
wild-type RNA substrata (Figure 5a). None of the proteins 
with substitutions at position 14 was able to bind the wild- 
type RNA hairpin pair (Figure 5b). It was especially surpris- 
ing that the F14Y mutant does not bind because phenylala- 
nine and tyrosine differ by a single oxygen atom. This 
result suggested either that Phe-14 packs tightly in its bind- 
ing cleft and the slightly larger tyrosine cannot be accom- 
modated or that the additional polarity of tyrosine is incom- 
patible with a hydrophobic environment. 
Because we predicted that Phe-14 likely interacts with 
the loop region of the RNA hairpin pair, we tested binding 
of the position 14 hydrophobic mutants to RNA hairpin 
pairs with altered loop lengths (Figure 5a). The rationale 
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Table 2. Thermodynamic Properties of the Rop Mutants that Are 
Defective in RNA Binding 
Mutant T,, (°C) AAG (at 342K) 
Wild type 67.0 0 
K3A 68.8 -O.2 
N10A 70.2 -0.5 
F14A 68.9 -0.2 
Q18A 70.0 -0 .4  
T21A 72.6 -0.8 
K25A 68.7 -0.2 
Melting temperatures and relative free energies of unfolding for wild- 
type and mutant Rop proteins. Thermodynamic parameters were de- 
termined as described in the text. Unfolding AAG values were deter- 
mined by subtracting the AG~=a~t from AG,,d.ty~. 
behind these experiments was that by changing loop 
length, the local structure that Phe-14 interacts with might 
be sufficiently altered tocause a change in binding speci- 
ficity. Altering loop length did result in a change in the 
RNA binding specificity. As shown in Figure 5b, the F14Y 
mutant is able to bind to the RNA hairpin pairs with either 
the 6 nt or 8 nt loops. The F14L and F14W mutants were 
unable to bind to any of the RNA hairpin pairs tested. The 
behavior of the F14Y mutant with RNA loop length variants 
provides strong support for our suggestion that Phe-14 
interacts with the loop region of the hairpin pair, and it 
indicates how subtle changes can modulate binding speci- 
ficity. 
Mutagenesis of Residues Not Located on Helix 1 
The alanine-scanning mutagenesis of helix 1/1'was under- 
taken with the assumption that this surface was the most 
likely site for interaction between the protein and RNA. 
Although the large net negative charge on the helix 2/2' 
surface makes it an unlikely surface for RNA docking, 
there are, nevertheless, a few potentially positively charged 
residues on helix 2/2' (Figure 6a). These residues include 
histidine residues in positions 42 and 44, arginine residues 
in positions 50 and 55, and also the polar aspartic acid at 
position 43. To be certain that we could eliminate these resi- 
dues as sites of interaction with RNA, each of these resi- 
dues was individually mutated to alanine. Together, these 
mutations result in the removal of all remaining potential 
RNA-binding residues along one complete solvent-exposed 
turn of helix 2/2'. The 6 amino acids on the C-terminal of 
Rop, which extend beyond the end of helices 2 and 2', 
have been shown to be unstructured in both X-ray crystal- 
lographic and nuclear magnetic resonance studies. To 
eliminate a possible role for the C-terminal tail in RNA bind- 
ing, a Rop variant, -t, was created in which these 6 amino 
acids were deleted (Smith et al., 1994). Finally, Asp-30 
occupies a unique position at the start of the tight turn 
joining helices 1 and 2. To test for a possible role in RNA 
binding, this residue was also altered to alanine. 
All seven mutant proteins described in the preceding 
paragraph (Figure 6a) are fully competent in RNA binding 
and interact with wild-type RNA hairpin pairs with affinities 
that are comparable to that of wild-type Rop. This data is 
shown in Figure 6b. These results provide further evidence 
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Figure 5. Interaction of Phe-14 Hydrophobic Mutants with Wild-type 
and Loop-Length RNA Variants 
(a) Sequences of the wild-type (wt) and 6 nt loop (L6) and 8 nt loop 
(L8) RNA loop length variants. 
(b) Electrornobility shift assay of Phe-14 mutants with RNA loop length 
variants (3 p.g of protein per lane). The RNA tested is identified on the 
bottom, while the free and bound forms of RNA are indicated on the 
right-hand side. The Rop mutant tested is identified at the top of each 
lane. 
to support our hypothesis that only amino acids on helix 
1/1' are involved in RNA recognition. 
Discussion 
The high resolution structures of many DNA-binding pro- 
teins and their complexes with DNA have been deter- 
mined, and the binding properties of a vast number of 
mutant DNA-binding proteins have been characterized. 
Together, these studies provide detailed pictures of the 
ways in which different protein motifs recognize DNA. By 
contrast, relatively little structural nd thermodynamic char- 
acterization of RNA-protein interactions has been pre- 
sented. A number of RNA-binding motifs have been identi- 
fied based upon sequence homologies, but for many of 
these (for example, the arginine-rich motif [Lazinski et al., 
1989], the RGG motif [Kiledjian and Dreyfuss, 1992], and 
the KH motif [Siomi et al., 1993b]), little or no structural 
information is available. The X-ray crystal structure of the 
RNP motif from the Ul snRNP has been solved at 2.8 ~, 
resolution (Nagai et al., 1990). Mutagenesis studies sug- 
gest that the charged and aromatic residues that are in- 
volved in RNA binding are presented on one face of a 
4-stranded 13 sheet (Jessen et al., 1991). Finally, the crystal 
structures of three tRNA synthetases in complex with their 
cognate tRNAs have been solved (Rould et al., 1989, 1991; 
Ruff et al., 1991 ; Biou et al., 1994). The RNA-protein con- 
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Figure 6. The Effect on RNA Binding of the Mutagenesis of Residues 
Not on Helix 1 
(a) Summary of Rop mutations not located on helix 1. A schematic of 
protein secondary structure is presented above the s qu nce of the 
wild-type Rop protein. The name of each mutant is shown in the left 
column. Dashes in sequences indicate hat the amino acid in this 
position is identical to that of the wild-type prot in. The letter A indicates 
the position of the alanine substitution in each mutant. 
(b) Electromobility shift assay of Rop mutants with mutations notlo- 
cated on helix 1/1' with wild-type RNA (1 I~g of protein per lane). The 
free and bound forms of RNA are indicated on the right-hand side. 
The Rop mutant tested is identified at the top of each lane. 
tact surfaces are large, and a complex array of RNA-pro- 
tein contacts have been described. 
The results that we present provide a detailed picture 
of RNA-protein interactions in an as yet uncharacterized 
RNA-binding motif, the 4-helix bundle. We have shown 
that the critical RNA-binding determinants reside on one 
face of the protein that is formed by helices 1 and 1'. The 
residues form a thin stripe down the center of this face 
(Figure 7). RNA binding is centered around the Phe-14/ 
14' pair, which likely interacts with the loop region of the 
hairpin pair, perhaps by stacking against exposed bases 
or by interacting with the backbone. We have shown that 
this interaction is key for determining recognition specific- 
ity: the F14Y mutant will not bind to hairpin pairs with 
7-residue loops, but does bind to hairpin pairs with either 
6- or 8-residue loops. 
The hydrophilic residues that are involved in RNA bind- 
ing (Lys-3, Asn-10, Gin-18, and Lys-25) surround Phe-14 
and likely make contacts to the ribose-phosphate back- 
bone. In the crystal structure of the unbound protein, Gin- 
18 and Lys-25 are free from contacts with neighboring 
residues. This observation, in combination with the dra- 
matic effects of mutation of these residues on RNA bind- 
ing, suggests that hey are involved in direct, or water- 
mediated, contacts with RNA. The side chain of Lys-3 is 
not seen in the crystal structure of free Rop, suggesting 
that it is highly mobile and is not interacting with neigh- 
boring residues. Again, this suggests that the defect in 
RNA binding is caused by removal of direct contact to 
RNA rather than its being due to an indirect effect of Lys-3 
Figure 7. RNA-Binding Determinants of Rop 
Two views are shown. Residues colored in dark blue indicate positions 
at which mutation to alanine abolishes RNA binding. Residues colored 
in light blue indicate positions at which mutation to alanine diminishes 
but does not abolish binding. Note that thebinding determinants form 
a relatively flat recognition surface. One residue, Lys-3 (light blue), is
partially disordered in the crystal structure. For presentation purposes, 
a complete side chain was built in using idealized side chain dihedral 
angles with the program INSIGHT II (Biosym Technologies). 
serving to position a neighboring residue. Finally, in free 
Rop, the 610 of Asn-10 is involved in a H-bonding interac- 
tion with the 111N of Arg-13; thus, one could propose that 
the RNA binding defect of the N10A mutation is caused 
by the inability of the N10A mutant to correctly position 
Arg-13 for RNA binding. The observation, however, that 
the R13A mutation itself has no effect on RNA binding 
suggests that this is not the case, and it is again more 
likely that Asn-10 interacts directly with RNA. 
The same residues that are essential for binding the 
wild-type RNA hairpin pair are also essential for binding 
hairpin pair variants in which the stem or loop sequences 
are reversed. This observation supports the proposal that 
the hairpin pair forms a unique structure that is recognized 
by Rop, rather than recognition being mediated by specific 
base contacts. 
Without a high resolution structure for the RNA hairpin 
complex, serious efforts at docking the RNA-protein com- 
plex are not worthwhile. We can, however, consider al- 
ternative simple models that are compatible with the ex- 
perimental data presented here. The results of the 
heterodimer studies show that each residue that is essen- 
tial for RNA binding is required on both helix 1 and helix 
1'. This observation supports the idea that Rop interacts 
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with the hairpin pair in a symmetrical fashion. Therefore, 
only models that align the symmetries of the protein and 
RNA have been considered. The RNA-binding determi- 
nants on Rop are presented on a relatively flat surface; 
therefore, a complementary "flat" surface on the RNA is 
expected at the interface. Such a flat surface could form 
along the length of the RNA complex if the RNA stem- 
loop structures are straight within the recognition complex. 
In such a model, the protein and RNA pair would interact 
in a "parallel" fashion, with Phe-14 and Gin-18 interacting 
with the loop region, while Asn-10 and Lys-3 on one side 
and Lys-25 on the other side interact with the stems. If 
the RNA hairpin pair were straight, Rop aligned in this 
fashion would extend over approximately three-quarters 
to two-thirds of the length of the RNA. Such a parallel 
alignment of protein and RNA has been considered pre- 
viously (Eguchi and Tomizawa, 1990). 
Alternatively, the RNA stem-loops may be bent relative 
to one another in the complex. In such a model, flat sur- 
faces may be presented only within the loop structure it- 
self, with the double-stranded stems serving to present 
the loops for proper pairing rather than being involved in 
direct contacts with protein. In a model of this type, protein 
and RNA would interact in a "perpendicular" fashion. In 
an attempt o distinguish between the parallel and perpen- 
dicular interactions of RNA with Rop, we have performed 
Fe-EDTA hydroxyl radical footprinting studies. However, 
to date, conditions in which both RNA cleavage and com- 
plex formation occur have not been identified. 
In conclusion, the results we present here not only pro- 
vide a detailed picture of RNA-protein recognition in a 
specific model system, but they also have broader implica- 
tions for our general understanding of RNA-protein inter- 
actions. 
Experimental Procedures 
Cloning and Mutagenesis 
A synthetic gene encoding the Rop protein was inserted between the 
Nool and BamHI sites of the T7 expression vector pMR103 (Munson 
et al., 1994a) to create the plasmid p2R. The protein-coding sequence 
of this plasmid contains a number of unique restriction sites that were 
introduced for cloning purposes. Mutants were generated by insertion 
of PCR-generated cassettes between appropriate restriction sites 
within the wild-type Rop gene of p2R. Sequences of all mutants were 
confirmed by the dideoxy DNA sequencing method (Sanger et al., 
1977). 
Protein Expression and Purification 
Protein expression was induced in BL21(DE3) cells by addition of 1 
mM IPTG during late log phase. After another 3 hr of growth at 37°C, 
the bacteria were harvested by centrifugation, and the pellets were 
stored frozen. For purification, pellets were thawed on ice, resus- 
pended in 2x (v/w) 50 mM Tris-CI (pH 7.4), 2 mM EDTA, 0.02% 
sodium azide, 10 mM CaCI2, and 1 mM DTT and were lysed by two 
15 s bursts on a Waring blender, followed by sonication on ice. Nucleic 
acids were digested by incubation with 50 ng/ml Staphylococcal 
nuclease at 4°C for 2 hr. After removal of insoluble material by centrifu- 
gation, the NaCI concentration of the clear supernatant was adjusted 
to 200 raM. The supernatant was then loaded on a Sephadex-DEAE 
column (Pharmacia) preequilibrated with 10 mM Tris (pH 8.0) and 200 
mM NaCI, and protein was eluted with a gradient from 200 nM-450 mM 
Natl. Fractions containing Rop protein were pooled and concentrated 
using Centricon 3 microconcentrators (Amicon) to give final protein 
stocks that were >98% pure on Coomassie blue-stained or silver- 
stained polyacryiamide gels. The yield of purified protein was approxi- 
mately 50 mg of protein per liter of starting culture. 
RNA Synthesis and Purification 
Purified wild-type RNAs, gifts from J. Marino, D. Crothers, P. Kloster- 
man, and T. Steitz, were synthesized by in vitro transcription and were 
purified essentially as described below. Linv RNA, a gift from D. Pathak 
and A. Brfinger, was chemically synthesized and purified by reverse- 
phase HPLC. Other RNAs were prepared by in vitro transcription using 
T7 RNA polymerase with the appropriate primer (taatacgactcactatag) 
from DNA templates: Sinv, ggtggcctaccaagccacctatagtgagtcgtattat 
and ggtggcttggtaggccacctatagtgagtcgtattat; L6, gcaccgctaocacggtgc- 
tatagtgagtcgtattag and gcaccgtggtagcggtgctatagtgagtcgtattag; and 
L8, goaccggctaccaacggtgctatagtgagtcgtattat and gcaccgttggtagccgg- 
tgctatagtgagtcgtattat). Transcription reactions were performed over- 
night at 37°C in transcription buffer (40 mM Tris [pH 8.3], 15 mM 
MgCl~, 5 mM DTT, 1 mM spermidine, 0.01% NP-40, 50 mg/ml PEG 
8000, 4 mM each NTP, 200 nM template, 220 nM primer, 0.1 mg/ml 
T7 RNA polymerase). Precipitated Mg2PP~ was removed by centrifuga- 
tion, and RNAs were phenol-chloroform and chloroform extracted. 
After precipitation with 3 vol of ethanol (not 0.2 M NaCI), RNAs were 
redissolved in 7 M urea, 1 mM EDTA, and 10 mM Tris (pH 8.0) and 
were purified by eleotrophoresis on 20% acrylamide, 7 M urea se- 
quencing gels buffered with 90 mM Tris-borate, and 10 mM EDTA. 
The appropriate bands were identified, cut out, crushed, and eluted 
in 200 mM NaCI, 0.1% SDS, 1 mM EDTA, and 10 mM Tris (pH 8.0) 
by gentle rocking overnight and were precipitated with 3 vol of EtOH 
at -20°C. One of each pair of RNAs was subsequently treated with 
calf intestinal phosphatase and was then phenol extracted and ethanol 
precipitated. Following removal of the 5' phosphate in this fashion, 
the RNAs were labeled at their 5' ends with [~,-~P]ATP or [7-32P]ATP 
using T4 polynucleotide kinase. For the final purification step, the RNA 
was run on a native electromobility shift gel (see below), crushed, and 
eluted in 200 mM NaCI, 0.1% SDS, 1 mM EDTA, and 1 mM Tris (pH 
8.0) and was precipitated with 3 vol of EtOH at 
Polyacrylamide Gel Electrophoretic Mobility Shift Assay 
Radiolabeled RNAs were incubated in the presence of a sufficient 
concentration of the appropriate unlabeled RNA to ensure that all the 
radiolabeled RNA was complexed in a hairpin pair. Since hairpin pairs 
migrate differently from the single hairpins, complete formation of the 
pairs was confirmed by an electromobility shift assay. This protocol 
generally required concentrations of unlabeled RNA in approximately 
100-fold molar excess over the labeled RNA. RNAs in hairpin pair and 
duplex form often comigrate on the mobility shift gels. However, since 
formation of the hairpin pairs is Mg 2+ dependent, relative mobility of 
the RNAs on native TBE (90 mM Tris-borate, 1 mM EDTA) polyacryl- 
amide gels was used in early experiments to confirm that the protocol 
we use generates an RNA complex that is in the hairpin pair form. 
Additional evidence that the RNAs are in the hairpin form is the obser- 
vation that wild-type Rop binds to them. The zipped-up duplex form 
of the RNAs is not bound by Rop. 
Different concentrations of protein together with labeled and unla- 
beled RNAs were mixed, in a final volume of 20 Ill, with 1 x TBM 
buffer (90 mM Tris-borate, 1 mM MgCI2), 1.50/0 glycerol, and 0.01% 
bromophenol blue, and then the mixture was incubated at 4°C for 30 
rain. Electrophoretic separation was achieved at 4°C using a 15% 
(75:1 cross-linking) polyacrylamide gel with 1 x TBM buffer and 2.5% 
glycerol. The gel was prerun for 15 rain at 100 V in 1 x TBM prior 
to sample loading. Gels were dried before exposure to X-ray film or 
phosphorimaging plates. Dissociation constants (KDs) were calculated, 
assuming simple 1:1 binding, using the equation KD = [Rop~J[RNAt]/ 
[Rop-RNA] where [Rop ~] is the concentration of free protein, [RNA f] 
is the concentration of free RNA, and [Rop-RNA] is the concentration 
of the RNA-protein complex. The values for [RNA ~] and [Rop-RNA] 
were obtained by quantitating the intensity of the bands that corre- 
spond to the free and bound forms of the RNA on a Fuji BAS-2000 
phosphorimager with MacBAS version 1.01 software. (A faint band 
observed between bound and free wild-type RNA corresponds to an 
uncharacterized form of the RNA in slow equilibrium with the hairpin 
form of the RNA. It is observed in control anes without added proteins, 
and it is not bound by Rop, nor is the equilibrium with the hairpin form 
of the RNA perturbed by the presence of protein.) The total concentra- 
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tion of Rop added to the assay [Rop'] is known and, hence, [Rop f] is 
calculated from the relationship [Rop t] = [Rop f] + [Rop-RNA]. It should 
be noted that the protein concentrations used in the binding assay are 
far above the dissociation constant for the monomer-dimer equilibrium 
and that Rop is therefore fully in the dimeric form. Binding assays 
were performed in triplicate. 
CD Measurements 
CD spectra and thermal denaturation curves for Rop were performed 
on 15-20 ~M protein samples in SP buffer (10 mM sodium phosphate 
[pH 7.0], 350 mM NaCI). Thermal denaturation was monitored at 222 
nm over the range 20°C-90°C, with a temperature step size of 1 °C. 
For each measurement, a 2 min equilibration period and a 1 rain signal 
averaging time were employed. Under these conditions, the thermal 
denaturation transition is fully reversible (data not shown). CD mea- 
surements were recorded on an Aviv Model 62DS Circular Dichroism 
Spectrometer (Aviv Instruments) running Aviv software. 
Thermodynamic haracterization of wild-type Rop has indicated that 
the protein undergoes a reversible, 2-state, thermal denaturation tran- 
sition (Munson et al., 1994b; Steif et al., 1993). This is essential for 
accurate determination of thermodynamic parameters. The equilib- 
rium for dissociation of a homodimeric protein, F2 = U + U (in which 
1=2 represents dimeric folded protein and U represents monomeric un- 
folded protein), was used to derive the value for the equilibrium con- 
stant, K = 4~2CJ(1 - a), with ~ equal to the fraction unfolded and 
Ct being the total molar concentration of dimeric Rop. The thermal 
denaturation profiles were corrected by subtraction of both lower and 
upper baselines. Tins were determined by interpolation. A value for 
AH at Tm, &HTr,, was determined from a van't Hoff plot using values 
at and around the Tr,. Values for AGunfo~ding at temperature T were deter- 
mined from the equation AGT = AHT=(1 - T/T=) + ACp(T -Tm + 
TIn(TrJT)) - RT~In(2Ct), using an experimentally determined ACp value 
(the difference in heat capacity between the native and denatured 
states) of 1.0 kcal/K/mol (data not shown) with R, the gas constant, 
as 1.99 kcal/K/mol. These calculations were performed using the com- 
puter program ThermoDynaCD, written by P. F. P. 
Heterodimer Formation 
Heterodimer formation was achieved by incubating wt*Rop and mu- 
tant protein (the total protein concentration was 50 mg/ml) at 37°C 
for 48 hr. We performed time course studies prior to the preparative 
experiments to determine the incubation time required for complete 
equilibration. For these experiments, a 1:1 molar ratio of wt*:mutant 
protein was used. For preparative formation of heterodimers for the 
RNA binding experiments, a 1:50 molar ratio of wt*:mutant protei~ 
was used. In all cases, the extent of heterodimer formation was moni- 
tored by electrophoresis on nondenaturing polyacrylamide gels. 
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